Introduction
============

Calcium oxalate (CaOx) is the major component of urinary stones. From a chemical perspective, CaOx stone formation is closely related to: high levels of urine calcium and urine oxalic acid; nucleation, growth, and aggregation of CaOx crystals; and adhesion between crystals and renal tubular epithelial cells.[@b1-ijn-8-909]--[@b3-ijn-8-909] Therefore, the crystallites in urine are crucial factors affecting the formation of uroliths.[@b4-ijn-8-909]--[@b6-ijn-8-909]

Previous studies[@b5-ijn-8-909],[@b6-ijn-8-909] have found differences between the urinary crystallites (\<1000 nm in size) of patients with urolithiasis and healthy subjects without any urolithiasis history. These studies concluded that the morphology, particle size, aggregation, and crystal phase of nanocrystallites in the urine of lithogenic patients remarkably differ from those of healthy persons. The urinary crystallites of healthy subjects are more stable than those of the patients. The results suggested that rounding nanocrystallites, diminishing their size differential, and decreasing their aggregation in urine by physical and chemical methods may prevent urinary stone formation.

Potassium citrate (K~3~cit) is the main drug used in treating and preventing the formation of CaOx stones.[@b7-ijn-8-909] After K~3~cit intake, the urine may be alkalized and the excretion of urinary citrate thus increases. Citrate can combine with calcium ions and form a soluble chelate that reduces the supersaturation of CaOx in urine; thus, the nucleation, growth, and aggregation of CaOx crystals are inhibited and the formation and recurrence of CaOx stones are reduced. The recurrence rate among patients taking K~3~cit is only 20% compared with those not taking K~3~cit.[@b8-ijn-8-909]

However, reports on the property changes of urinary crystallites from patients with CaOx stones before and after K~3~cit intake are very limited. The relationship between these changes and the formation of stones is also unknown. Therefore, the property changes of urinary nanocrystallites were studied in 13 patients with history of CaOx stones ("CaOx stone formers") before and after K~3~cit intake, to clarify the relationship between urinary crystallites and urolithiasis, and promote clinical suppression.

Materials and methods
=====================

Reagents and instruments
------------------------

The absolute ethanol, sodium azide (NaN~3~), and formaldehyde (36%, v/v) used were of analytical purity. All glass vessels were cleaned with double-distilled water.

X-ray diffraction (XRD) results were recorded on a D/max-γA 2400 X-ray diffractometer (Rigaku, Tokyo, Japan). Samples were observed with a TECNAI-10 transmission electron microscope (TEM) (Royal Philips Electronics, Amsterdam, Netherlands), at an accelerating voltage of 100 kV. Image Pro Plus 5.02 software (Media Cybernetics, Rockville, MD, USA) was used to analyze the diameter and count the number of particles in the TEM images. A Nicolet 6700 Fourier-transform infrared (FT-IR) spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), and a Zetasizer Nano ZS nanoparticle size and Zeta potential analyzer (Malvern Instruments Ltd, Malvern, UK) were also used.

Collection and treatment of urine
---------------------------------

The participants in the study were 13 lithogenic patients (nine men and four women; mean age = 54.1 years, range = 24--71 years) and 13 randomly selected healthy humans with no prior history of urinary stones (nine men and four women; mean age = 38.6 years, range = 23--56 years).

Fresh urine from the CaOx-stone-forming patients was collected before and a week after K~3~cit intake (dosage = 2.538 g/d). The citrate treatment lasted for 2 weeks, starting 2 days before surgery, and the urine was collected after 7 days of treatment. After detecting the pH, 2% (w/v) NaN~3~ solution (10 mL/L urine sample) was added to the urine samples as antiseptic. Anhydrous alcohol (V~urine~:V~anhydrous\ alcohol~ = 3:2) was then added to 30 mL of each urine sample, stirred, and left to stand for 30 minutes. The purpose of the addition of alcohol was to remove the proteins in the urine. Alcohol can denaturalize and deposit the proteins, which can interfere with the observation of urinary crystallites by TEM as well as with the identification of peaks by XRD and FT-IR. The urine was then filtered through a 1.2 μm microporous membrane.

Collection and component characterization of urinary calculus
-------------------------------------------------------------

Urinary stones were collected after surgery, cleared with double-distilled water, and placed in a dust-free incubator at 50°C for drying. The urinary stones were then ground into powder with an agate mortar for XRD and FT-IR characterization. Results showed that the urinary stones were mainly composed of CaOx with a mass fraction of 90% to 100%. The other components of the urinary stones included β-calcium phosphate and uric acid.

Measurement of zeta potential (ζ) and particle size
---------------------------------------------------

The above-filtered urine samples were ultrasonicated for 3 minutes to destroy any possible crystal agglomerations. Subsequently, to detect the ζ and particle sizes of the urinary crystallites, about 1.5 mL from each sample of treated urine was immediately injected into the cell of a ζ analyzer, and another 1.5 mL was injected into the cell of a nanoparticle size analyzer.

Characterization of urine crystallite components
------------------------------------------------

### XRD and FT-IR detection of urinary crystallites

About 100 μL of spare urine from each sample was placed on clean glass slides using a microsyringe. The glass slides were then dried in an oven at 50°C ± 5°C for 2 hours to volatilize the urine. This process was repeated three times. Nanocrystallites were then deposited onto the glass slides. Subsequently, the glass slides were slowly immersed in distilled water at a 45° angle and gently shaken for 1 minute to remove the soluble fractions of sodium chloride and urea. After carefully removing the glass slides, water from the edge of the slides was dried using an absorbent paper, and the slides were again dried at 50°C ± 5°C in a vacuum desiccator for 1 day, for further XRD and FT-IR characterization.

### TEM detection of urinary crystallites

About 5 μL of the above spare urine from each sample was placed in a copper mesh. The copper mesh was stored in a desiccator for 24 hours and then examined by TEM.

Determination of citric acid, gycosaminoglycans (GAGs), and uric acid (UA) in the urine
---------------------------------------------------------------------------------------

The Alcian blue colorimetric method and ammonium metavanadate-assisted catalytic-kinetic spectrophotometry were used to detect the contents of GAGs and citrate in urine.[@b9-ijn-8-909],[@b10-ijn-8-909] Using a spectrophotometer, the UA content was determined by its ability to reduce Fe (III) to Fe (II), which can then coordinate with phenanthroline to produce orangered complexes.[@b11-ijn-8-909]

Statistical analysis
--------------------

The experimental data were analyzed using SPSS version 16.0 software (IBM, Armonk, NY, USA). The experimental data were expressed as the mean ± standard deviation. Data differences between two groups were analyzed by a *t*-test, and the *P* value was used to assess the statistical significance. *P* \< 0.05 was deemed to indicate a significant difference, *P* \< 0.01 indicated an extremely significant difference, and *P* \> 0.05 indicated no significant difference.

Results and discussion
======================

Powder XRD analysis of urinary crystallites before and after K~3~cit intake
---------------------------------------------------------------------------

The urinary crystallites of all 13 cases of CaOx stone formers before and after K~3~cit intake were analyzed using XRD. Three representative results are shown in [Figure 1](#f1-ijn-8-909){ref-type="fig"}. The results show the following: Before K~3~cit intake, the main components of the urinary crystallites of the CaOx stone formers included UA, β-calcium phosphate, and calcium oxalate monohydrate (COM) ([Figure 1A, C, and E](#f1-ijn-8-909){ref-type="fig"}).The diffraction peaks located at 3.86, 3.53, and 2.73 Å were assigned to the (211), (301), and (202) plane of UA, respectively.[@b12-ijn-8-909] The peaks at 2.84, 2.49, and 1.98 Å were assigned to the (121), (112), and (303) plane of COM, respectively. The diffraction peaks at 5.23, 3.00, and 2.65 Å were assigned to the (110), (300), and (1112) plane of β-calcium phosphate, respectively ([Figures 1A and E](#f1-ijn-8-909){ref-type="fig"}).After 1 week of K~3~cit intake, the number of diffraction peaks of urinary crystallites decreased ([Figure 1B, D, and F](#f1-ijn-8-909){ref-type="fig"}). This result showed that the species of urinary crystallites decreased after taking K~3~cit.[@b13-ijn-8-909]The intensity of the diffraction peaks of urinary crystallites weakened after K~3~cit intake. This result showed that the mass of crystallites significantly declined after K~3~cit intake.[@b13-ijn-8-909]Compared with the XRD patterns of urinary crystallites before K~3~cit intake, the diffraction peak of UA at d = 3.86 and 2.73 Å abated ([Figure 1B and D](#f1-ijn-8-909){ref-type="fig"}) or disappeared ([Figure 1F](#f1-ijn-8-909){ref-type="fig"}) after K~3~cit intake. This result indicated that the amount of UA in urine significantly decreased. The citrate excreted in urine after K~3~cit intake can alkalize urine, which can increase the urine pH and transform the majority of UA to urate, whose larger solubility significantly reduces the mass of UA.Similarly, the diffraction peaks of COM at 2.49 and 1.98 Å also decreased ([Figure 1B](#f1-ijn-8-909){ref-type="fig"}) or disappeared ([Figure 1D and F](#f1-ijn-8-909){ref-type="fig"}), suggesting that the content of COM crystallites also decreased after K~3~cit intake. K~3~cit is a strong complex agent that can combine with Ca^2+^ ions to form soluble calcium citrate, which reduces the saturation degree of CaOx in urine thus inhibiting the formation of CaOx crystals. Consequently, the amount of CaOx crystallites in the urine decreased after K~3~cit intake for 1 week.After K~3~cit intake, new diffraction peaks of monosodium urate appeared. As shown in [Figure 1F](#f1-ijn-8-909){ref-type="fig"}, the diffraction peaks assigned to UA and COM abated or disappeared after K~3~cit intake. However, new diffraction peaks appeared at 3.23 and 2.19 Å because of the appearance of monosodium urate.[@b14-ijn-8-909] These results indicated that monosodium urates were present in the urine.

Representative FT-IR spectra of urinary crystallites before and after K~3~cit intake
------------------------------------------------------------------------------------

The changes in urinary crystallites components were examined by FT-IR spectroscopy. The representative spectra are shown in [Figure 2](#f2-ijn-8-909){ref-type="fig"}.

1.  Before K~3~cit intake, the peaks detected at 1668, 1454, and 524 cm^−1^ indicated the presence of UA.[@b15-ijn-8-909],[@b16-ijn-8-909] The peaks of coordinated water were located at 3488 cm^−1^ to 3219 cm^−1^. These broad peaks were attributed to the symmetrical stretching vibration and asymmetrical stretching vibration of OH^−^ of coordinated water molecules. The peaks at 1332, 781, and 592 cm^−1^ were characteristic adsorptions of COM ([Figures 2C and E](#f2-ijn-8-909){ref-type="fig"}).

    The absorption peaks of β-calcium phosphate were also detected in some samples. As shown in [Figure 2A](#f2-ijn-8-909){ref-type="fig"}, 1160 cm^−1^ was attributed to the O−P−O symmetric stretching vibration and 1080 cm^−1^ was attributed to the PO~4~^3−^ asymmetric vibration absorption peak. As shown in [Figure 2C](#f2-ijn-8-909){ref-type="fig"}, 989 cm^−1^ was attributed to the PO~4~^3−^ symmetric vibration absorption peak.[@b17-ijn-8-909]

    Before K~3~cit intake, the main components of urinary crystallites were UA, COM, and β-calcium phosphate, which were consistent with the XRD results.

2.  The absorption peaks after K~3~cit intake changed as follows ([Figure 2B, D, and F](#f2-ijn-8-909){ref-type="fig"}): The absorption peak intensity weakened or even disappeared. The number of absorption peaks was significantly lower after K~3~cit intake ([Figure 2B](#f2-ijn-8-909){ref-type="fig"}) than before K~3~cit intake ([Figure 2A](#f2-ijn-8-909){ref-type="fig"}). The absorption peaks of the in-plane bending vibration of O=C^−^O^−^ (*γ~as~* (COO^−^) at 935 and 885 cm^−1^ for COM disappeared, and the stretching vibration of C-N for UA at 1403 cm^−1^ weakened.When comparing [Figure 2C and D](#f2-ijn-8-909){ref-type="fig"} or [Figure 2E and F](#f2-ijn-8-909){ref-type="fig"}, the stretching vibration of C−O of COM at 1384 and 1332 cm^−1^, the stretching vibration of C−C of COM at 782 cm^−1^, the stretching vibration of C−O of UA at 1118 cm^−1^, and the peaks of UA at 875, 705, 620, 538, and 472 cm^−1^ in the fingerprint region, all either weakened or disappeared.After K~3~cit intake, the absorption peaks of monosodium urate and β-calcium phosphate either appeared or increased in intensity. Before K~3~cit intake ([Figure 2C](#f2-ijn-8-909){ref-type="fig"}), only the symmetric stretching vibration peak of O−P−O at 1159 cm^−1^ and PO~4~^3−^ at 989 cm^−1^ were present. However, after K~3~cit intake ([Figure 2D](#f2-ijn-8-909){ref-type="fig"}), new absorption peaks appeared at 1007 cm^−1^ for phosphate, as well as at 2927 and 798 cm^−1^ for urate.[@b18-ijn-8-909]

Therefore, the FT-IR results were consistent with those of the XRD.

Property changes of urine before and after K~3~cit intake
---------------------------------------------------------

### Changes in citrate, GAGs, and UA excretion

After K~3~cit intake for 1 week, the citrate excretion from the urine of all 13 cases of CaOx stone formers increased from 264 ± 74 mg/L to 381 ± 109 mg/L ([Figure 3E](#f3-ijn-8-909){ref-type="fig"}), and UA excretion decreased from 563 ± 91 mg/L to 393 ± 86 mg/L ([Figure 3F](#f3-ijn-8-909){ref-type="fig"}). No significant difference was observed before and after K~3~cit intake (*P* \> 0.05). However, the excretion of GAGs from urine increased from 5.18 ± 0.82 mg/L to 11.81 ± 1.62 mg/L. These differences in GAGs excretion before and after K~3~cit intake were significant (*P* \< 0.05).

### Changes in urine pH before and after K~3~cit intake

Before K~3~cit intake, the urine pH was between 5.2 and 6.7 ([Figure 3A](#f3-ijn-8-909){ref-type="fig"}), with an average value of 5.96 ± 0.43 ([Table 1](#t1-ijn-8-909){ref-type="table"}). At 1 week post-K~3~cit intake, the urine pH increased to an average value of 6.46 ± 0.50; however, this difference was not significant (*P* \> 0.05). After K~3~cit intake, the urine pH (6.46 ± 0.50) was close to that of the healthy controls (6.28 ± 0.30) (*P* \> 0.05).

The increase in urine pH was caused by the increase of K~3~cit excretion after K~3~cit intake. K~3~cit is an alkaline salt and can alkalize urine.

### Size changes of urinary crystallites before and after K~3~cit intake

The particle size distribution and average diameter of urinary nanocrystallites from the 13 CaOx stone-forming patients before and after K~3~cit intake were studied using a nanoparticle size analyzer. Before K~3~cit intake, the average particle size of urinary nanocrystallites in the 13 cases was 524 ± 320 nm ([Figure 3B](#f3-ijn-8-909){ref-type="fig"}). After K~3~cit intake for 1 week, the particle size decreased to 354 ± 173 nm. [Figure 4](#f4-ijn-8-909){ref-type="fig"} showed the particle size distribution of urinary crystallites of two CaOx stone patients before and after K~3~cit intake. Before K~3~cit intake, the peak particle size values were 688 and 106 nm, with an average size of 293 nm ([Figure 4A](#f4-ijn-8-909){ref-type="fig"}), as well as 7.5, 80, and 955 nm, with an average size of 432 nm ([Figure 4C](#f4-ijn-8-909){ref-type="fig"}), respectively. After K~3~cit intake, the peak particle size values were accordingly reduced to 19, 98, and 394 nm, with an average size of 146 nm ([Figure 4B](#f4-ijn-8-909){ref-type="fig"}), as well as 29, 123, and 495 nm, with an average size of 220 nm ([Fig. 4D](#f4-ijn-8-909){ref-type="fig"}), respectively.

Citrate excretions in the urine increased from 264 ± 74 mg/L before K~3~cit intake to 381 ± 109 mg/L at 1 week after commencing K~3~cit intake ([Figure 3E](#f3-ijn-8-909){ref-type="fig"}). On one hand, as an inhibitor of CaOx crystallization, citrate can close the growth sites of CaOx crystals, thereby inhibiting the growth and aggregation of CaOx crystals and ultimately decreasing the size of urinary crystallites. On the other hand, K~3~cit chelated Ca^2+^ ions and dissolved the CaOx crystallites.

ζ change of urinary crystallites before and after K~3~cit intake
----------------------------------------------------------------

[Figure 3C](#f3-ijn-8-909){ref-type="fig"} shows the ζ change of urinary crystallites from CaOx stone-forming patients before and after K~3~cit intake. The average ζ value of urinary crystallites in the 13 CaOx stone formers were −4.85 ± 2.87 mV before K~3~cit intake and −8.77 ± 3.03 mV after K~3~cit intake; the latter was close to the ζ value −8.89 ± 2.23 mV of healthy subjects (*P* \> 0.05). The ζ value became negative after K~3~cit intake because of the following: As shown in [Figure 3E](#f3-ijn-8-909){ref-type="fig"}, the citrate excretion in urine was increased after K~3~cit intake. As an anion inhibitor, citrate can be adsorbed on the positively charged surface of crystallites, such as COM, which can increase the negative charges on the crystallite surface. Thus, the ζ becomes negative.After K~3~cit intake, the excretion and activity of Tamm-Horsfall protein (TH protein) increased.[@b19-ijn-8-909] TH protein is also an anionic protein that enables the ζ of CaOx crystals to turn negative.After K~3~cit intake, the urine pH increased, which subsequently increased the ionization of acidic substances and the amount of negatively charged anionic species in urine. For example, the increase in pH can promote the ionization of citric acid in urine, causing the concentration of trivalent anionic citrate (cit^3−^) to increase. The pH increase can also convert uric acid into urate and cystine into its salt, thereby further increasing the number of negatively charged species.With increased pH, the OH^−^ ions in the urine increased. On the other hand, the crystallite surfaces were negatively charged because of the adsorbance of anionic inhibitors under a basic condition. Consequently, the thickness of the electric double-layer between the OH^−^ ions and urinary crystallites increased. According to the DLVO colloid flocculation theory, the repulsive energy of the electric double layer depends on the thickness of the electric double layer. An increase in thickness of the electric double layer increases the repulsive energy, thereby leading to an increased absolute value of the ζ.[@b20-ijn-8-909],[@b21-ijn-8-909]

After the ζ of the urinary crystallite surfaces became negative, the electrostatic repulsion increased, thereby inhibiting the growth and aggregation of urinary crystallites. These anions also closed the growth sites of crystals to further inhibit crystal growth.

Stability difference between urinary crystallites before and after K~3~cit intake
---------------------------------------------------------------------------------

### Intensity-autocorrelation curve changes

The nanocrystallites particles in urine are in continuous Brownian movement. Brownian movement is a random fluctuation motion that denotes the rate of light intensity change in relation to particle size. A smaller particle corresponds to a faster Brownian movement, leading to a faster scattering intensity change and an inferior signal correlation as well as quick variations in the attenuation of curves.[@b22-ijn-8-909]--[@b24-ijn-8-909] A faster attenuation of the autocorrelation curve corresponds to a steeper curve and shorter decay time. By contrast, larger particles correspond to slower Brownian movement, leading to a slower scattering intensity change and corresponding in turn, to better signal correlations and slower attenuation of the autocorrelation curve.

Before K~3~cit intake, the baseline of the intensity-autocorrelation curves was coarser ([Figure 5A](#f5-ijn-8-909){ref-type="fig"}) and the attenuation of the curves was slower. This result indicated that urine particles were larger before K~3~cit intake or that aggregated crystallites existed, which conformed to the detection result of the particle size.

After K~3~cit intake, the baseline of the intensity-autocorrelation curves of the urine nanocrystallites was smoother, and the attenuation of the curves was faster ([Figure 5B](#f5-ijn-8-909){ref-type="fig"}). The attenuation time was also reduced to 4.3 ± 1.7 ms ([Table 1](#t1-ijn-8-909){ref-type="table"}). This result suggested that the particles of crystallites in urine were smaller.

### Polydispersity index (PDI) changes

PDI is a parameter that characterizes the width of the particle size distribution. A smaller PDI value corresponds to a narrower particle size distribution range and more uniform particles for the tested sample. For standard samples or truly monodispersed samples, PDI \< 0.05, whereas PDI = 0.05--0.08 if the samples are almost monodispersed. When the PDI = 0.08--0.7, the samples are in moderate dispersion. The PDI of the sample values within this range is suitable for detection of particle size and particle size distribution, using a nanoparticle size analyzer. If the PDI \> 0.7 of the sample, the distribution range is too wide for a nanoparticle size analyzer, based on the principle of dynamic light scattering.

Before K~3~cit intake, the PDI of the urinary crystallites of all stone formers was greater than 0.5 ([Figure 3D](#f3-ijn-8-909){ref-type="fig"}), with an average value of 0.67 ± 0.14. This result indicated that the size of these crystallites was uneven, that the urine system was unstable, and that the crystallites easily aggregated. However, the PDI decreased to 0.53 ± 0.19 after K~3~cit intake, indicating that the distribution range of the urinary crystallites became narrower and that the particle size was homogenized.

### Decay time changes

As shown in [Table 1](#t1-ijn-8-909){ref-type="table"}, the order of decay time of the different kinds of urinary crystallites was as follows: the decay time in patients before K~3~cit intake (11.4 ± 3.2 ms) \> the decay time in patients after K~3~cit intake (4.3 ± 1.7 ms) \> the decay time in healthy controls (2.8 ± 0.7 ms).

This result suggested that the average particle size of the urinary crystallites before K~3~cit intake was larger than that after K~3~cit intake.[@b25-ijn-8-909],[@b26-ijn-8-909] These results were attributed to the lower concentration and activity of inhibitors in the urine of stone-forming patients, preventing the adsorption of most crystallites by inhibitor molecules. A stronger electrostatic interaction also exists between these free crystallites; thus, these crystallites aggregated more easily than those of the controls. Compared with the urine before K~3~cit intake, the aggregation degree of crystallites was reduced after K~3~cit intake, thus reducing the risk of stone formation.

After the absolute ζ value on the crystallite surfaces increased, the electrostatic repulsive forces also increased, and the particles were not easy to aggregate. Therefore, K~3~cit increased the stability of the urine system and reduced calculus formation.

Changes in appearance of urinary crystallites before and after K~3~cit intake
-----------------------------------------------------------------------------

As shown in [Figure 6](#f6-ijn-8-909){ref-type="fig"}, the TEM detection results further confirmed the above results. Urinary crystallites from CaOx stone formers before K~3~cit intake exhibited sharp edges and corners, large size differences ranging from a few nanometers to 1000 nm, and significant aggregation of crystallites ([Figure 6A and B](#f6-ijn-8-909){ref-type="fig"}). After K~3~cit intake, the crystallites became blunt, decreased in size, and showed less aggregation ([Figure 6C and D](#f6-ijn-8-909){ref-type="fig"}). The changes in appearance and size of the urinary crystallites before and after K~3~cit intake were due to the following four reasons: First, the K~3~cit concentration increased in the urine after K~3~cit intake. K~3~cit is a chelating agent. It can combine with Ca^2+^ ions in urine to form soluble calcium citrate and reduce the Ca^2+^ ion concentration and CaOx saturation in urine. After the CaOx saturation decreased, the deposited CaOx crystallites decreased, and the growth and aggregation of CaOx crystallites were also inhibited. Thus, the size of urinary crystallites was reduced.The increase in urine pH not only transformed UA into urate, whose solubility is much larger than that of UA, but also decreased UA deposition. The increase in urine pH also decreased the heterogeneous nucleation of CaOx crystals, as these are often caused by UA crystals.[@b27-ijn-8-909]A strong precipitation--dissolution equilibrium existed between K~3~cit and CaOx crystallites. The Ca^2+^ ions on the surface of CaOx crystallites, particularly the Ca^2+^ ions on the peripheries and edges, were constantly dissolved by K~3~cit. The dissolved Ca^2+^ ions also constantly precipitated to the surface of crystallites. This continuous precipitation-dissolution process made the crystallites blunt ([Figure 6C and D](#f6-ijn-8-909){ref-type="fig"}).The increase in pH can strengthen the inhibitory activity of some components in urine, such as TH protein and pyrophosphate.[@b28-ijn-8-909],[@b29-ijn-8-909] TH protein plays dual roles in CaOx crystallite aggregation. TH protein promotes crystallite aggregation at lower pH but inhibits aggregation at higher pH.[@b19-ijn-8-909] Accordingly, in this study, the aggregation of urinary crystallites decreased after K~3~cit intake. Therefore, the increase in urinary pH was conducive to the prevention of CaOx stone formation.

Conclusion
==========

The main components of the urinary crystallites of CaOx stone-forming patients were UA, COM, and β-calcium phosphate. Before K~3~cit intake, the edges and corners of the crystallites were sharp, their sizes ranged from a few nanometers to 1000 nm, and they showed significant aggregation. By contrast, at 1 week post-K~3~cit intake, the urine pH increased, the species and mass of urinary crystallites significantly decreased, the crystallite morphology became blunt, the absolute value of ζ on the crystallite surface increased, the average size of crystallites decreased, and the aggregation of crystallites significantly decreased. All these changes helped inhibit the urinary crystallite deposition and CaOx stone formation.
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![XRD patterns of urinary nanocrystallites of the three CaOx stone-forming patients before (**A**, **C** and **E**) and after (**B**, **D** and **F**) K~3~cit intake.\
**Notes:** ✶: calcium oxalate monohydrate; ▴: uric acid; ▵: monosodium urate; ♦: β-Ca~3~(PO~4~)~2~; ○: MgNH~4~PO~4~·6H~2~O.\
**Abbreviations:** XRD, X-ray diffraction; CaOx, calcium oxalate; K~3~cit, potassium citrate.](ijn-8-909f1){#f1-ijn-8-909}

![FT-IR spectra of urinary nanocrystallites of the three CaOx stone-forming patients before (**A**, **C**, and **E**) and after (**B**, **D**, and **F**) K~3~cit intake.\
**Abbreviations:** FT-IR, Fourier-transform infrared (spectrometer); CaOx, calcium oxalate; K~3~cit, potassium citrate.](ijn-8-909f2){#f2-ijn-8-909}

![Comparison between the properties of urine and urinary crystallites from healthy controls and patients with CaOx stones before and after K~3~cit intake: urinary pH (**A**); average particle size (**B**); ζ (**C**); PDI (**D**); amount of excreted citrate (**E**); and amount of excreted UA (**F**).\
**Note:** n = 13.\
**Abbreviations:** CaOx, calcium oxalate; K~3~cit, potassium citrate; ζ, zeta potential; PDI, polydispersity index; UA, uric acid.](ijn-8-909f3){#f3-ijn-8-909}

![Particle size distribution of urinary crystallites of two CaOx stone patients before (**A** and **C**) and after (**B** and **D**) K~3~cit intake.\
**Abbreviations:** CaOx, calcium oxalate; K~3~cit, potassium citrate.](ijn-8-909f4){#f4-ijn-8-909}

![Attenuation curve of the intensity autocorrelation function of urinary crystallites from three patients with CaOx stones before (**A**) and after (**B**) K~3~cit intake, and three healthy controls (**C**).\
**Abbreviations:** CaOx, calcium oxalate; K~3~cit, potassium citrate; *T~a~*, decay time.](ijn-8-909f5){#f5-ijn-8-909}

![TEM images of urinary nanocrystallites of two CaOx stone-forming patients before (**A** and **B**) and after (**C** and **D**) K~3~cit intake.\
**Note:** Bar: 500 nm.\
**Abbreviations:** TEM, transmission electron microscope; CaOx, calcium oxalate; K~3~cit, potassium citrate.](ijn-8-909f6){#f6-ijn-8-909}

###### 

Comparison of the properties of urine and urinary crystallites from healthy controls and CaOx stone-forming patients before and after K~3~cit intake (n = 13)

                            **Before K~3~cit**   **After K~3~cit**   **Control**    ***P*[^a^](#tfn2-ijn-8-909){ref-type="table-fn"}**
  ------------------------- -------------------- ------------------- -------------- -------------------------------------------------------
  K~3~cit excretion, mg/L   264 ± 74             381 ± 109           348 ± 82       *P* \> 0.05
  GAG excretion, mg/L       5.18 ± 0.82          11.81 ± 1.62        9.80 ± 1.83    *P* \< 0.05[\*](#tfn3-ijn-8-909){ref-type="table-fn"}
  UA excretion, mg/L        563 ± 91             393 ± 86            472 ± 68       *P* \> 0.05
  Urine pH                  5.96 ± 0.43          6.46 ± 0.50         6.28 ± 0.30    *P* \> 0.05
  particle size, nm         524 ± 320            354 ± 173           310 ± 160      *P* \< 0.05[\*](#tfn3-ijn-8-909){ref-type="table-fn"}
  ξ, mV                     −4.85 ± 2.87         −8.77 ± 3.03        −8.89 ± 2.23   *P* \> 0.05
  PDI                       0.67 ± 0.14          0.53 ± 0.19         0.51 ± 0.14    *P* \> 0.05
  Decay time T, ms          11.4 ± 3.2           4.3 ± 1.7           2.8 ± 0.7      *P* \< 0.05[\*](#tfn3-ijn-8-909){ref-type="table-fn"}

**Notes:** Values are shown as mean ± standard deviation.

Comparisons were made against CaOx stone patients before and after K~3~cit intake.

Statistically significant comparisons.

**Abbreviations:** CaOx, calcium oxalate; K~3~cit, potassium citrate; GAG, gycosaminoglycans; UA, uric acid; ξ, zeta potential; PDI, polydispersity index.
